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An experiment is described in which 30-MeV electrons
were used to irradiate LEDs. A brief description of typical
electron radiation sources is given along with a description
of the effects of electron radiation on semiconductors.
Using a simple model for LED current generation, a set of
equations for determining phenomenological damage constants
is given. The damage sustained by the LEDs increased total
current but reduced radiative current for a given voltage
and was similar to that seen by earlier workers performing
comparable experiments with electrons, protons, and
neutrons. Four groups of LEDs were studied. The group of
LEDs fabricated by liquid phase epitaxy (LPE) had an
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average lifetime-damage constant product t qK = 6.4 x 10
cm /e which was much greater than the averages for three
different color groups of LEDs fabricated by vapor phase
epitaxy (VPE) where the average lifetime-damage constant
— 13 2 - —13products were x QK = 1.3 x 10 cm /e , t„K = 0.7 x 10
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cm /e and t qK = 1.9 x 10 cm /e . This indicated that
the LPE devices are from 3 to 9 times as susceptible to
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I. INTRODUCTION
A. OVERVIEW
Optoelectronic components and devices are used
extensively in communications and control systems in
satellites and tactical military systems. The outer space
environment and nuclear weapons threat possess the potential
for causing radiation induced damage in these devices. This
threat has led to investigations into the hardness of
individual components to the various types of radiation.
While silicon is the most common material basis for
semiconductor devices/ other materials can have important
specialized applications. GaAs and GaAs-, P v (Gallium
J.
— x x
Arsenide Phosphide where x indicates the fraction of
phosphorous) are two compounds commonly used in the
fabrication of semiconductor devices such as Light Emitting
Diodes (LEDs). These components and the devices fabricated
from them have been studied for their reactions to the
various nuclear radiations. Because of its annealing
properties, Gallium Arsenide (GaAs) has been proposed as the
material for use in the solar panels of the NASA Solar Power
Satellite (SPS) where long lifetime is needed for a device
that will be exposed to the Van Allen radiation belts and to
cosmic radiation [Ref. lj.
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The LED is a simple semiconductor device that allows
convenient measurement of its characteristics and is a good
vehicle for quantifying radiation damage effects. In this




The radiative conversion efficiency of LEDs (the ratio
of the light producing current, I, to the total current/ J)
is reduced by ionizing radiation such as high energy
electrons and protons. Gamma rays and neutrons also produce
secondary effects that lead to ionization. These different
categories of radiation can all cause displacement defects
in a material's crystal lattice. These defects introduce
additional states in a semiconductor's energy gap and can
act as additional recombination centers. The additional
recombination centers cause a reduction in minority carrier
lifetime. Two categories of defects are possible. Simple
defects/ composed of at most a few atoms associated
together/ form a relatively stable defect. They are
characteristic of electron/ low energy proton/ and gamma ray
damage in which energy imparted to any single crystal atom
is small. Cluster defects involve a large disordered region
of up to several hundred atoms and are caused by neutrons
and high energy protons which can impart a large amount of
kinetic energy to a single atomic nucleus [Ref. 2J.
Ionizing radiation can also alter device operation by
introducing trapped charges into the device.
Schade and co-workers [Ref. 3] investigated the effects
of electron irradiation of GaAs. P LEDs. They found a1-x x
large decrease in the light output of diodes after
irradiation. They concluded that light emission originated
in the neutral p-region and the output degradation was due
to the production of non-radiative recombination centers.
The center primarily responsible was an acceptor. Its
influence was independent of alloy composition. They also
detected indications of annealing.
Stanley [Ref. 4] irradiated various types of LEDs with
electrons. A dependence on the method of semiconductor
fabrication for hardness levels was detected. GaAs devices
made by epitaxy were more sensitive to radiation than
standard diffused types. The devices in the present
experiment were fabricated by liquid phase epitaxy (LPE) or
vapor phase epitaxy (VPE).
Millea and Aukerman [Ref. 5 and 6] studied electron
radiation effects on GaAs LEDs. They found that light
intensity/ I, went as:
I = I Q exp(qVa /kT) (1)
over several orders of magnitude at 78 K and 298 K. I is3 o
initial intensity/ q is the unit of charge/ V the applied
3.
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voltage, k is the Boltzmann constant (1.38 x 10~ 23 J/°K)
and T is the temperature in K. This relationship can be
used to determine a damage constant for the LED as shown
later
.
Barnes [Ref. 7] provided a good summary of work in LED
irradiation with the different effects including electron,
proton, and neutron induced damage. In a later paper
[Ref. 8] he described an experiment using protons with a
relatively high energy (16 MeV). This more recent paper
confirmed much of the previous work and provided a




Many different types of LEDs are available for use in
optoelectronics systems. This investigation studied LEDs
with one basic mechanical configuration but with varying
semiconductor material compositions. The variation in
composition gave four different wavelength outputs (colors)
all in the visible region: red, high efficiency red (HER),
green and yellow. The green LEDs were fabricated using LPE
and the others using VPE.
The LEDs were irradiated with 30-MeV electrons using the
Linear Accelerator (LINAC) at the Naval Postgraduate School.
The configuration of the LEDs and their operating
characteristics are shown in Figure 1 and Table I which are
11










I. ALL DIMENSIONS ARE IN MILLIMETRES INCHES)
2 GOIO PLATED LEADS.
3. PACKAGE WEIGHT Of LAM» ALONE
IS 25 - 3SORAMS
Figure 1. LED Configuration
taken from the Hewlett Packard Optoelectronics Designer's
Catalog 1984 . The LEDs were tested as discrete components
and not part of a system. The tinted plastic and glass
lenses on the top of the LEDs were removed so that radiation
induced darkening of the lens would not interfere with light
output measurements. Note that the catalog numbers for the
LEDs correspond as follows: 1N5765 — > HLMP-0904 (Red);
1N6092 — > HLMP-0354 (HER); 1N6093 — > HLMP-0454 (yellow);
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See Fig. 20 mA
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Relative Intensity vs. Wavelength
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D. SIMPLE MODEL OF AN LED
The simplest LED semiconductor model assumes a pn
junction created by doping one region with donor atoms and
an adjacent region with acceptor atoms. In LEDs/ light is
produced by energy released in the form of a photon when an
electron in the conduction band jumps the gap and recombines
with an acceptor in the valence band. The recombination may
be direct, where the electron goes across the entire gap in
the jump, or indirect where it first recombines at an
intermediate energy level and subsequently makes a transi-
tion across the remainder of the gap. GaAs and GaAs-, P vX X x
devices are direct and GaP indirect. The wavelength is
given by
1240 ,_.




where AE is the energy level difference of the direct gap.
Table II summarizes common properties for LEDs [Ref. 9].
Gage, et. al., in [Ref. 9] is a good source for further






Material Gap (eV) X ( nm) Transition Type
GaAs 1.43 910 direct
GaP 2.24 560 indirect
GaAs
.60 P .40 1.91 650 direct
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II. BACKGROUND
This chapter includes a survey of radiation sources/ a
description of the interactions of electrons with matter
with respect to radiation damage/ some details of LED
methods of operation and the effects of electron radiation
on LEDs.
A. RADIATION SOURCES
Radiation sources come in a variety of forms. Nuclear
weapons output and the Van Allen radiation belts are large
scale producers of radiation in several forms. Of course/
it is difficult for an investigation of limited means to use
these sources directly (and often undesirable as well)/ so
simulators are used to produce scaled down amounts of
radiation. The LINAC is such a simulator.
1 . Nuclear Weapons
Nuclear weapons upon exploding release several
radiation products summarized in Table III [Ref. 10].
Typical output partition for weapon energy is 50-80% into
x-ray production/ 10-20% into kinetic energy of fission
fragments and weapons debris which includes ions and
electrons/ 1% into neutron production and 0.5% into gamma
ray production. About 5% to 10% of the energy may appear as
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as fallout. EMP is electromagnetic pulse, a secondary field
effect of the weapon induced Compton electrons. The energy
output of a weapon is normally expressed in kilotons ( KT ) of
12TNT equivalent where 1 KT = 10 calories.
The number of electrons produced by the weapon
directly from debris ionization is significant but not
necessarily the major source. For a burst in the
atmosphere, the gamma rays induce Compton electrons which
are of sufficiently high energy to cause secondary electrons
through ionization of the air. The neutrons produced will
also cause ionization through collisions with air. This
showering effect can produce electron fluxes much larger
than the direct weapon production. For instance, if a 1 MeV
gamma ray produced one 1 MeV Compton electron, this electron
could produce on the order of 30,000 secondary electrons of
33 eV each.
It should be noted that the importance of various
weapon outputs to causing electronics upset or degradation
does not depend only on the magnitude of the output. Other
factors such as the duration time of the pulse are
important. Thus gamma rays, though a small percentage of
output, can, through their shorter pulse duration, produce a
larger amount of electronics upset than the x-rays.
2. Van Allen Belt and Trapped Radiation
Another source for electron radiation is the trapped
charged particle regions in the earth's magne tosphere known
18
as the Van Allen radiation belts. Electrons and protons/ as
well as larger ions, are trapped in the geomagnetic field by
the Lorentz force and spiral around the field lines. The
spiraling particles bounce between mirror points that are at
conjugate northern and southern hemisphere latitudes. The
bounce period is of the order of a tenth of a second. The
particles also drift eastward taking about 30 minutes for a
1 MeV electron to drift around the earth [Ref. 10].
Some artificial trapped radiation belts have been
created by high altitude nuclear bursts when some of the
debris reached sufficient altitudes such that the charged
particles were injected into the magnetic field. Some of
the artificially produced belts have lasted up to two years
with electron fluxes on the order of ten times that of the
Van Allen belt. The flux induced by a megaton size device
9 2in 1962 produced a peak flux of - 10 electrons/cm -sec as
measured 10 hours after detonation. Two days after
detonation this peak was 5 x 10 electrons/cm -sec. The
peak Van Allen flux is 1 x 10 electrons/cm -sec. Electron
energies in the radiation belts go up to 5 MeV. Proton
energies reach several hundred MeV [Ref. 10].
3 . Linear Accelerator
The various types of radiation encountered in the
severe environments outlined above can be simulated using
machines and devices of various designs. The production of
19
electrons for inducing radiation damage was accomplished
with the LINAC for this experiment.
The NPS LINAC uses a series of klystrons to impart
energy to electrons produced by an electron gun. The beam
of electrons is formed and steered by controllable magnets.
The beam impacts a target placed in an evacuated target
chamber. For this experiment the target chamber was
evacuated to 1 x 10 Torr with all runs conducted at room
temperature (300°K).
The peak energy attainable for the electrons is 100
MeV. For this experiment 30-MeV electrons were used. The
LINAC operates at 60 pulses per second with a pulse duration
on the order of 2.5 x 10 sec. The pulses can be single or
in pulse trains. There is a theoretical peak of 10
electrons/pulse; however/ the accumulated dose or fluence of
electrons is spread over an area and actual dose must be
measured. The means of doing this was a secondary emission
monitor (SEM) directly behind the target. As electrons
impacted on the SEM/ a capacitor linked to a voltage
integrator gave the accumulated dose derived from the
rela tionship
q = CV (3)
Full operating parameters of the LINAC can be found in
[Ref. 12].
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B. INTERACTION OF ELECTRONS WITH MATTER
Electrons lose energy in matter by interacting with
atomic electrons and nuclei. There are four types of
interactions between electrons and matter: elastic
collisions with atomic electrons and nuclei and inelastic
collisions with atomic electrons and nuclei.
Inelastic collisions are the primary mechanism by which
electrons lose energy in matter. Normally/ an inelastic
collision with an atomic electron results in excitation or
freeing of the atomic electron. An inelastic collision with
a nucleus deflects the incident electron causing a quantum
of electromagnetic radiation (bremsstrahlung ) to be emitted.
The kinetic energy of the electron is reduced by the amount
of energy in the photon produced.
In elastic collisions the incident electron is deflected
but does not radiate energy. The electron loses only enough
energy to conserve momentum when it collides with a nucleus.
For an elastic collision with an atomic electron, energy and
momentum are conserved and not enough energy is transferred
to ionize the atom. In either case, the effects of elastic
collisions are not signficant when considering displacement
defects and these types of collisions are ignored.
An electron will undergo all four types of interactions
while being stopped by matter. Which interaction occurs is
a matter of chance and the probability of each type of
21
encounter can be obtained from scattering theory. The most
probable collision energy loss per mass thickness is for
inelastic collisions with atomic electrons and is called
collision stopping power. Collision stopping power is
directly proportional to the atomic electron density of the
struck atom. Thus higher atomic number elements have a
greater chance of interaction with an incident electron.
Collision stopping power is inversely proportional to the
square of the incident electron velocity. Thus a higher
energy electron with a higher velocity has a lower chance of
interacting in a given thickness with a given material.
Collision stopping power is expressed as a cross section
represented by ° (sigma) and given in units of MeV-cm /gm.
Tabulated values for collision stopping powers for selected
elements against electrons of selected energies are
available. The value used in this experiment was
= 1.573 MeV cm
'
gm (4)
from the table for copper and 30-MeV electrons [Ref. 13].
Copper was used as this is the closest atomic number element
to Gallium and Arsenic for which tabulated figures were
available
.
There is a second consideration for the stopping of the
electron because of its loss of energy to radiation
22
(bremsstrahlung ) during inelastic collisions with atomic
nuclei. This effect is contained in a second cross section/
a / and the total stopping power of a material is the sum of
the collision and radiative stopping powers. Radiative
stopping power was ignored for this experiment because the
damage of interest is displacement defects in the material
structure and these permanent defects are predominantly a
result of the collisions with the atomic electrons. It
should be noted that the bremsstrahlung, which extends in
frequency up to y (gamma) radiation, can contribute to
electron production and be a multiplying factor for total
dose sustained by a material. These Y-rays have high
penetrating power and the secondary electron production is
more of a volume effect. The small size of the LEDs in this
experiment allowed this effect to be ignored.
In this report electron dose is expressed in several
ways. The simplest is fluence, given by total
2
electrons/cm . It is also expressed by flux in terms of
2
electrons/cm -sec. Finally the dose may be given in rads.
This is an expression of the total amount of energy
transferred to the material by the radiation. One rad is
the same as 100 ergs/gm. Rads must be specified for the
material such as "rads (Cu)" for copper because the amount
of energy transferred is dependent on the collision stopping
power cross section, a function of the material. Dose given
23
in rads will always be in rads (Cu) for this report unless
otherwise specified.
Since in an LED the volume where light production occurs
is such a thin section/ the concept of surface dose is used.
Surface dose is dose deposited on a surface rather than in a
volume. According to Rudie [Ref. 10] ; the surface dose in
rads for a low atomic number material irradiated by $ (phi)
monoenerge tic electrons per square centimeter can be
expressed by
R (rads) = 1.6 x 10" 8 $ a (5)
where a is given by equation 4 for copper and the
—8
conversion factor 1.6 x 10 is for converting MeV to units
of 100 ergs. This formula will be used for doses given in
rads in this report.
C. EFFECTS OF ELECTRON RADIATION ON LEDs
LEDs are a well investigated and well understood class
of semiconductor devices. The operation of the LEDs will
not be covered in detail except that the basis for current
flow in the devices will be explained. Using the simplest
current relationships the damage constant/ a useful para-
meter for phenomenological description of radiation damage
effects/ is derived. Two excellent sources for further
details on LED theory/ as well as other semiconductors/ are
24
found in Muller and Kamins' Device Electronics for Integrat-
ed Circuits [Ref.14] and Sze's Physics of Semiconductor
Devices [Ref. 15].
1. LED Current
In Muller and Kamins [Ref. 14], Chapter 4, an
analysis of currents in a pn junction of an ideal diode is
done .
The first step is to obtain a continuity equation
across the infinitesimal slice, dx, representing the pn
junction. This continuity equation for free carriers
accounts for the net flow of electrons (or positive charge
carriers called holes) into and out of the slice and the
excess generation over recombination of electrons within the
slice. This leads to complicated partial differential
equations. They are simplified using assumptions about the
nondependence on x of diffusion and about mobility
parameters for the carriers. Steady state is assumed and
the equations become ordinary differential equations in x.
The electric field is assumed to be negligible in the region












where D and D are the diffusion constants for the
n p
electrons and holes respectively (not functions of x) , n(x)
and p(x) are the number concentrations of electrons and
holes respectively and R , R , G and G represent the
^ J n p n P
recombination and generation rates of the carriers.
Generation and recombination models developed by
Shockley/ Hall and Read (SHR) are applied to the resulting
equations. It is then possible to characterize the minority
carrier distributions in the pn junction under bias. A
solution for an ideal diode can then be obtained.
The ideal diode model/ using the SHR model/ uses a
pn junction connected to a voltage source with the
negatively doped n region grounded and the positively doped
p region at V volts (Figure 2) relative to ground. It is
assumed that the applied voltage V is sustained entirely at
the junction. If V is positive/ for forward bias/ the
barrier to the diffusion flow of majority carriers at the
junction is reduced. The reduced barrier permits a net
transfer rate of holes from the p-side to the n-side and of
electrons from the n-side to the p-side. The transferred
carriers become minority carriers and are quickly










Figure 2. Simple pn Junction Diode
critical parameter because they determine what currents flow
in a pn junction. Majority carriers act as suppliers of the
injected minority-carrier current or as charge neutralizers
.
The final relation for current as a function of applied
voltage V is
J = J Q [exp(qVa /kT) - 1] (8)
where J is total current; the sum of diffusion current and
drift current/ and J
q is the saturation current arrived at
by negative biasing the diode to the breakdown point.
As explained above/ minority carrier concentration
and lifetime are the important parameters for determining
27
diode operation. Minority carrier concentrations are
typically 10 orders of magnitude below majority carrier
densities [Ref. 14]. The carrier densities and thus the
current are dependent on the applied voltage according to
the equation
pn = n. 2 exp(qV /kT) (9)
l a
and
J = J exp(qV /kT) (10)
o a
becomes the working equation under forward bias. The
component due to saturation current is ignored as is the
drift current since they are much smaller in normal
operation than the total forward current. In these
equations/ J is total current/ n. is the intrinsic carrier
concentration/ q is the unit of charge/ k is the Boltzmann
constant/ and T is temperature in K.
This simple model of the pn junction (Figure 2)
treated the junction simply as a barrier to the diffusion of
carriers. Under certain conditions the junction, which has
-4dimensions on the order of 10 cm, can act as a depletion
region. A significant number of recombinations can take
place in this so-called space charge recombination region.
Using assumptions similar to those above, the carrier




i exp(qV /2kT) (11)
and the current relation is
J = J exp(qV /2kT) (12)
The total current for a pn junction is a combination of the
diffusion current and space charge recombination current
although one or the other is often dominant. The dominant
current type can be determined by examining a voltage versus
current plot for the LED as in Figure 7. By measuring the
slope of the straight part of the curve a value for the
constant in the denominator of the exponential (1 for Eqn.
10 or 2 for Eqn. 12) can be obtained. If it is close to 1/
diffusion current is dominant and/ if it is close to 2,
space charge recombination current is dominant.
2. Damage Effects and Determination
The light output of the LED is related to the
efficiency of conversion of forward biased current.
Degradation of the light output is caused by the
introduction of nonradiative recombination centers into the
semiconductor structure. These centers compete with
radiative centers for excess minority carriers. The result
is a reduction in minority carrier lifetime t.
B.H. Rose and C.E. Barnes in [Ref. 8] outlined a
derivation for determining a damage parameter as follows.
29
Total initial lifetime of the minority carriers is
written
1
* + JL_ (13)
T T0R
TONR
where t~ is the preirradia tion minority carrier lifetime and
t_
r
and tqmR are tne lifetimes associated with radiative and
nonradiative processes. The lifetime values are determined
by the equations
T0R
= aR v th NR < 14 >
and
t "
JNR v th NNR (15)
where a_ and o NT_ are carrier capture cross sections and v t ,R NR ^ th
is the minority carrier thermal velocity. N R and NNR are
the radiative and nonradiative center concentrations/
respectively.
The minority carrier lifetime after irradiation is




+ 71— + aNRI v th NNRI (16)OR ONR
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where the additional term comes from the radiation
introduced nonradiative centers. This can be rewritten as
+ aNRI v th NNRI (17)
and
NRI C $ (18)
where $ is the radiation fluence in electrons/cm and C, is
a constant reflecting the probability of generation of a
defect by a unit of fluence.
The physics governing the effects of radiation on
the semiconductor material is contained in the damage
constant K ;
K s aNRI v th C l (19)
and the equation used to describe LED radiation damage is
T




1 + T Q K $ (21)
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Determining or predicting LED light output degradation by
the phenomenological approach is useful. T
oK ' tne initial
lifetime-damage constant product is the quantity of
interest
.
The current controlling mechanism for the operating
region of the device must be known to determine the damage
constant. For an LED whose light output is due to a
diffusion controlled radiative current the light output
would be given by [Ref. 8]
I = C~ t exp(qV /kT) (22)
^ a
where C 2 incorporates the LED conversion efficiency. Taking
the ratio of I Q and I (where I Q and I are the pre- and post-
radiation light outputs and ^q is the value in Eqn. 22 for





By measuring I Q and I as a function of * the value of tqk is
determined
.
According to Sze [Ref. 15]/ total current density,




~Yj2 SXP (qVa /kT) (24)
where C^ i s a constant similar to C 2 . Solving for
exp(qV
a
/kT) and substituting into Eqn. 22 gives
3/2
I = C 4
tj z j (25)
where C* is the product of the constants C ? and C^. It can
be seen from Eqn. 25 that in this case t is proportional to
2/3
I for constant total current J. Substituting from Eqn.
21 then gives
2/3
= ( 1 + T Q K (26)
The difference between Eqn. 26 and Eqn. 23 is the condition
of constant total current J which is a condition that can be
maintained experimentally.
If the device total current (J) is dominated by
space charge recombination the current is found, according
to Sze [Ref. 15], as




and following steps similar to above with radiative current




( — ) = — =1 + T Q K$ (28)
Finally if the radiative current (I) is space charge
recombination controlled and the total current (J) is space
charge recombination controlled/ according to Rose and
Barnes [Ref. 8] the equation is
J T
o
— = — = 1 + t q K
4 (29)
J
Table IV summarizes the light output degradation
equations discussed. In the table I and I Q are the
radiative currents and J Q and J are the total currents,
radiative plus nonradia tive . In the derivations the values
for total currents are actually current density and the
values for radiative current should be likewise. In this
experiment the currents are measured, rather than current
densities. For the radiative currents, relative intensities
are measured. Since the currents are used in ratios it is
possible to use the values as measured this way. This
assumes that the device area stays constant.
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TABLE IV
EQUATIONS FOR ANALYSIS OF LIGHT OUTPUT DEGRADATION
IN ELECTRON IRRADIATED LEDs
I 2/3




2) [( ~ ) 1] = t q K $
I: Diffusion
J: Space Charge






The LEDs in this experiment were characterized before
and after irradiation. Details of the measurements are
given in this chapter along with some comments on the LINAC
and its operation. Experimental results are given in
Chapter IV.
A. LIGHT EMITTING DIODES
The physical configuration of the LEDs provided by
Hewlett Packard has already been described. It should be
reemphasized that all measurements and irradiation runs were
done with the plastic cap and glass lens of the LEDs removed
and the LEDs as discrete devices.
Four LEDs, one for each color/ were measured for
relative intensity versus wavelength using a modified
Beckman DK-1A pho tospec trome ter and strip chart recorder.
They were all measured at a set current and forward bias
12level. They were then irradiated to a level of 7 x 102-2
electrons/cm (e /cm ) and measured again on the Beckman
DK-1A.
Samples of the lens and red and green plastic cap
13 — / 2material were irradiated to levels of 7 x 10 e /cm and
2 x 10 e /cm . Measurements for transmission of visible
and infra-red spectrum light were made on the samples before
36
and after irradiation. The instruments used were a Perkin-
Elmer (PE) 330 photospectrome ter for the range 185 nm up to
2500 nm/ a PE 137G for the range 2500 nm to 7500 nm and a PE
387 for 7500 nm to 25000 nm.
Twelve LEDs/ one of each color in three groups, were
characterized for total absolute output intensity in
microwatts using a Fiber Optics 550 power meter with a model
#255 detector. The LEDs were connected in series with a
precision 120fl current setting resistor and a Hewlett-
Packard 6216A power supply. The power supply was set to
values of 4.0 volts and 6.0 volts for two series of
measurements. Fluke 75 multimeters were used to measure
circuit current and voltage dropped across the LED (V ).
3.
The meters were accurate to +_0.01 mA and +0.01 V. A series
of measurements was conducted on the power meter by varying
the current at the power supply. Thus a series of voltage
versus current versus output intensity readings were
obtained. Each LED was characterized twice/ once with the
power supply at 4.0 volts and once with the power supply at
6.0 volts/ which gave higher current values.
The Fiber Optics 550 power meter measures the output
intensity of the LED and compares it to a calibrated
microwatt internal reference. A correction factor based on
the dominant wavelength of the LED is applied to a decibel
reading and a value for intensity in microwatts can be
determined according to
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(reading + correction) dBn = 10 LOG 1Q —— (30)
or
I = 10 (reading + correction)/10# w '% ^ 31 ^
After this initial characterization the LEDs were
mounted on a rack in groups of four at a time/ one of each
color. This rack was mounted in the LINAC target chamber.
The rack could be moved up and down and rotated so that each
LED could, in turn, be put in the path of the electron beam.
A switchable circuit was set up so that each LED could be
powered separately. The power supply and voltage/current
measuring meters were the same as for the preliminary
characterizations.
Each LED was characterized while in the evacuated target
chamber. The voltage/current values were varied at the
LINAC control station using the same values as the
preliminary characterizations. The LED light output
intensities were measured for relative output using a simple
photode tector cell placed in the target chamber out of line
of the electron beam as in Figure 3. The values for
intensity were recorded from a digital conversion meter and
as the ordinate on an analog X-Y recorder. Each LED was
irradiated in four separate steps. During irradiation the










Figure 3. LINAC Irradiation Configuration
irradiated versus time on the abscissa. The LED was powered
at 4.0 volts or 6.0 volts with current set by the 1 20
n
resistor. After each step of irradiation the X-Y recorder
continued to plot intensity versus time for about five
minutes. After each run the LED was characterized for
voltage versus current as in the preliminary characteriza-
tion. Two groups of LEDs were irradiated using the 4.0 volt
power setting and one group using the 6.0 volt setting.
Thirty days after irradiation the LEDs were
characterized using the Fiber Optics 550. The time delay
was to allow any annealing that might occur to take place.
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B. LINEAR ACCELERATOR
As noted earlier/ the number of electrons received at
the target was measured by an SEM using a capacitor
connected to a voltage integrator to determine the charge.
The SEM is accurate to +5%.
2
The electron beam size was focused to an area of .7 cm .
This was measured by examining the darkening pattern on the
plastic LED cap material for several samples. However/ for
each run the beam had to be refocused. A television camera
was positioned to observe the target area. A piece of
phosphor screen was mounted on top of the rack and an
outline of the preset beam size drawn on the television
monitor. This rather crude method of focusing gives an
estimated error to the beam intensity of jf20%.
The SEM was 6% efficient and the capacitor had a value
of .05 microfarads. Thus/ on a per volt basis/ the reading
2from the integrator gives the number of electrons/cm
computed as follows:
q = CV (32)
but per volt
C = .05 x 10~ 6 F/V . (33)
and
q = 5 x 10~ 8 coulomb/V (34)
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and there are
6.24 x 10 18 electrons/coulomb (35)
so the number of electrons is
# electrons = (6.24 x 10 18 )(5 x 10~ 8 ) = 3.1 x 10 11 /V (36)
However, the SEM is only 6% efficient and the beam size is
•7cm so
# electrons/cm 2 = 3 ' 1 * |°
7)
= 7 x 10 12 /V (37)
This value can be expressed as rads (Cu) by Eqn. 5
R = (1.6 x 10" 8 )(7 x 10 12 )(1.573) = 2 x 10 5 rads (Cu)/V
(38)
The four irradiations of each LED were in steps of 0.1
volts, 0.5 volts, 2.4 volts, and 3.0 volts each. This gave
cumulative totals after each run of 0.1 volts, 0.6 volts,
3.0 volts, and 6.0 volts. This is summarized in Table V.
The values for fluence and dose are rounded because of
the inaccuracy in the measurement of the electron beam.
Additional error is introduced because the beam was manually
controlled and the exact turn off point on the voltage
integrator was determined by operator eye-hand coordination.
Additionally, the beam could easily detune itself during a
41
TABLE V
CUMULATIVE IRRADIATION LEVELS FOR LINAC RUNS
2Voltage (Integrator) Fluence (e/cm ) Dose (rads
11 40.1 7 x 10 1 x 10
0.6 4 x 10 12 1 x 10 5
3.0 2 x 10 13 5 x 10 5
6.0 4 x 10 13 1 x 10 6
run. The operator could detect this by seeing a change in
the progress rate of the analog voltage integrator meter and
could correct it. It is possible that the actual dose
sustained by an LED is only accurate to +25%. The rate at
which the dose was received could vary by an even larger
amount
.
Another problem in determining dose is the distribution
of the beam. The actual distribution of the beam is not
known but presumed to be roughly Gaussian. Thus the
electron fluence received by a target in the center of the
beam could be significantly higher than on the perimeter of
the beam. In this experiment the relative alignment of the
rack to the beam was constant and it is felt that this
distribution problem was corrected for as much as possible.
The fluences and doses for the whole beam are still accurate
as detailed above/ but the dose received at one point in the
LED could be higher by a factor of up to two.
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Another factor affecting dosimetry would be secondary
production of electrons from the bremsstrahlung gammas. As
explained before/ these gammas were ignored due to their
penetrating power but some contribution to dosage can be
presumed.
C. TEMPERATURE CONSIDERATIONS
Throughout the measurements constant temperature (300 K)
is presumed. Due to the transfer of energy to the devices
and the absence of an atmosphere to conduct away heat in the
target chamber it is possible that a significant temperature
rise could occur. The thermal radiation dose is
D = AT C P M (39)
where D is the dose in calories and C is the specific heat
of the material (cal/ K-mole) and p is the density and M the
mass of the material. The estimated maximum temperature
rise for the maximum dose applied in the longest
irradiations was 20 K. This is not sufficient to cause
damage to the LED. The V-I characteristics of the LEDs will
be altered slightly.
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IV. RESULTS AND DISCUSSION
This chapter presents the results of irradiation of
LEDs with 30-MeV electrons. First an array of graphs is
presented which tabulates the data taken in a readable form.
The effect of radiation damage on total current and
radiative current is then shown along with the effects on
the plastic cap and glass lens materials. The effect on
radiative current is presented in terms of intensity versus
time and then intensity versus dose. These two presenta-
tions show intensity in normalized or arbitrary units for
each cumulative dose applied to the LED. Also given in
Appendix A are tables of absolute intensity versus forward
bias and current. Discussions of results are included with
the explanations of the presentations. Conclusions and
ideas for further work are given in Chapter V.
A. PLASTIC CAP AND GLASS LENS
The plastic cap material and glass lens samples were
irradiated separately. Since the intensity of an LED was to
be measured in the target chamber/ any darkening that might
occur in these two components would have interferred with
measurements. The damage sustained by these components/
affecting output intensity/ would be added onto the damage
sustained by the LED itself. The dosages applied to the
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lens and cap materials were an order of magnitude greater
than the maximum dosage applied to any LED.
Both types of materials were measured on the Perkin-
Elmer photospectrometers where transparency versus
wavelength was recorded (Figures 4 and 5). The devices use
a radiant source and measure the amount of intensity
transmitted/ compared to a reference sample. Figures 4 and
5 show the results in the visible light range. Measurements
were also done in the infrared region but showed no
significant change after irradiation. In the visible
region/ there is a 30% reduction of transparency at 550 nm
for the plastic cap material and a 15% reduction of
transparency for the glass lens material. An interesting
phenomenon (not investigated further) was that the darkened
portion of the plastic material lightened almost to its
original color when measured first on the infrared machine.
This was possibly due to warming of the plastic from the
infrared source.
The lenses were found to be orientation sensitive. An
effort was made to always have the lens in the same
position when working with it. It was not determined
whether this effect was due to polarization or simply
imperfection in the lens shape or mounting.
B. LED WAVELENGTH ALTERATION
Several preliminary runs were conducted on LEDs with
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after irradiation for relative output versus wavelength
using the modified Beckman DK-1A photospec trome ter . The LED
replaced the light source and a prism dispersed this light
by wavelength which was then collected by the machine's
photornultiplier tube. The purpose was to see if any shift
in wavelength occurred due to radiation damage and to
determine dose levels to use in later runs. A typical
example of the result after 180 KRads (Cu) is shown in
Figure 6. The intensity was reduced significantly but there
was no detectable shift in wavelength.
C. LED CURRENT VERSUS FORWARD BIAS
Figures 7 through 14 show the voltage versus current
(VI) characteristics curves for the LEDs tested. There are
two graphs for each color of LED, one with a single LED
powered by 6.0 volts at the power supply, labeled "high
current mode", and one with two LEDs powered by 4.0 volts at
the power supply. On each graph, each LED has five curves
associated with it. One curve represents the character-
istics before irradiation and four curves show the
characteristics after each level of irradiation. The doses
are cumulative and the curves represent the values for the
cumulative levels.
On the graphs each curve is indicated by a distinctive
mark for each level of irradiation. Additionally, under
each curve labeled in the legend is a solid line or dashed
48
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Figure 6. LED Intensity versus Wavelength
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Figure 7. VI Characteristics for Red LED in High Current Mode
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Figure 8. VI Characteristics for Red LEDs in Low
Current Mode
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Figure 9. VI Characteristics for High Efficiency Red LED in
High Current Mode
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Figure 10. VI Characteristics for High Efficiency Red LEDs
in Low Current Mode
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Figure 11. VI Characteristics for Green LED in High Current
Mode
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Figure 13. VI Characteristics for Yellow LEDs in High
Current Mode
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line which distinguishes the curves by LED on the graphs.
On graphs with only a single LED only solid lines are used.
For values used in calculating the slope/ used for
determining the type of current controlling mechanism/ the
important part of the graph is the straight part/ constant
slope. It can be seen that the red LED slope remained
constant and HER changed very slightly. The yellow and
green LEDs show a more apparent shift in slope. Above the
point where the curves start to flatten or even turn
downward the slope of the curve changed rather dramatically
for the yellow LEDs.
The effect of temperature on n ; the constant that
indicates whether the current is diffusion or space charge
limited/ has not been quantified. As discussed/ all
irradiation runs were done at room temperature but the
energy transferred to the LEDs by the beam could affect n
slightly. However/ little or no difference in V-I
measurements was detected after the LEDs cooled and the
measurements were redone.
Appendix A gives voltage/ current and absolute output
intensities for LEDs before irradiation and after total
irradiation for 4.0 V and 6.0 V at the power supply. The
values for post-irradiation are after 30 days to allow
annealing
.
The type of current controlling mechanism for each type
of LED will be shown. This is the value of n from
J or I = C exp(qV /nkT)
a.
(40)
where values for J are for total current as found from
Figures 7 throuqh 14. Values for I are for radiative
current found from the graphs as outlined in the following
sections. The value of n is calculated from












The values for n are tabulated in Table VI. The values
given in Table VI are the LED color and serial number and
the LED power supply voltage. If the power supply voltage
is 6.0 V then the LED is being powered in the high current
mode. This is only a relative designation and is not a
special mode of operation. The three values of n are as
follows: (a) n represents the value of n for the LED
before irradiation, (b) n-j- represents the value of n for the
LED after all irradiation, (c) n represents the value of n
ex v
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for the excess current induced. This was calculated by
taking the difference of the values of J for a given V at
cl
different points on the curve and calculating n in the same
manner given above. It is for the value after total
irradiation. Note that the values for the yellow LED's vary
greatly due to the difficulty in measuring the slope of the
VI curve when the shape was changing so much.
There are several sources of error in the values in
addition to the temperature effects already discussed. Due
to the limitations of equipment (multimeters)/ it was not
always possible to get well down onto the "straight" portion
of the curve. Because the curves are semi-log/ the slope
measurements are very sensitive to slight changes.
Additionally, the curves bend over at the top due to
reaching an overdriven state where the equation no longer
holds
.
Examination of Table VI shows that the high efficiency
red (HER)/ green, and yellow LEDs show space charge
characteristics before and after irradiation and that the
excess current induced by irradiation was space charge type.
The yellow values were particularly hard to measure due to
the overdriven state reached at relatively low values of V
as seen in Figures 13 and 14. The red LEDs show total
current of diffusion type and an excess current also of
diffusion type. This indicates that the red LEDs were
60
TABLE VI












































































#20 4.0 2.0 2.3 9.5
n n
= Value before irradiation
n_ = Value after irradiation
n = Value for excess current inducedex
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probably being driven at a higher current density and
possibly had smaller junction diameters. Examination of
Figures 7 and 8 shows that the red LEDs also showed less
tendency to being overdriven to a higher level compared to
the starting value of the curve. The HER curves also show
the characteristics of higher current density similar to the
red LEDs. The higher current density in the red and HER
could be a result of smaller junction araa ; more efficient
carrier diffusion or both. This was not further
investigated.
D. LED LIGHT OUTPUT DEGRADATION
The second type of measurements taken were for light
output intensity versus dose or fluence for the LEDs. Real
time measurements were taken using a photocell in the target
chamber. Measurements of absolute output intensity were
also obtained using the Fiber Optics 550 meter. The results
for the real time measurements are shown in Figures 15
through 30 and the results for the absolute values are
tabulated in Appendix A.
Figures 15 through 26 show a normalized light output
(I/I ) versus time. Each color LED has three sets of
graphs. One shows the high current mode/ one shows the two
LEDs at the lower current values and one shows all three
LEDs for a given color plotted together. The flux for all
1 1 - 2
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1 1 — 2and although there was some variation (1.2 x 10 s /cm^-s
1 1 - 2to 6.2 x 10 e /cm -s) in the beam this average value is
used on all of the graphs. In Figures 15 through 26 the
decrease in output intensity is seen by the downward trend
of the plot for each LED. This decrease in intensity has an
approximately constant slope with time and the sustained
fluence increase until the device is no longer giving
significant light output.
Figures 27 through 30 show the output intensity versus
fluence. The fluence was obtained by multiplying flux times
time/ using the average value for the flux.
On both types of plots/ indications of annealing can be
seen. On the first type of graph/ the curves show a sharp
downward slope until the point where the LINAC electron beam
was switched off. The line of intensity versus time then
slopes up sharply at first/ flattening out but still with a
positive slope for an extended period of time. The time
between each run was about five minutes. The total amount
of recovery can be gauged by comparing the bottom part of
the dip to the first value on the next run. The second set
of curves have the annealing tails cut off so that the
difference between the end of one run and the beginning of
the next is more readily seen.
The annealing properties of GaAs and GaP and GaAs p,
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is one reason NASA suggested GaAs for the solar power
satellite as mentioned. No attempt is made here to quantify
the values.
An interesting and unexpected phenomenon can be seen on
the graphs for the yellow and green LEDs. On the last runs,
where the LED is essentially "dead"/ the output intensity
was raised during the time that the electron beam was on.
This effect was noticeable on the TV monitor where the
visible LED output glow was seen to increase during
irradiation. Sometimes no visible emission at all existed
before and after the electron beam was on and a visible glow
did appear during irradiation. Notice also the effect was
not as pronounced for the high current mode of operation and
was not detected in the red and HER LEDs. This phenomenon
was not further investigated.
The values for n for the radiative current were
calculated in a manner similar to that done for total
current. The values used for getting the slope of the curve
are those for the absolute output of the LEDs given in
Appendix A. These values are listed in Table VII. It
should be emphasized that the values for n in this table are
for that portion of the current which is radiative/ in other
words producing light. The radiative current controlling
mechanism can be different from the total current con-
trolling mechanism/ and is in several cases. The values in
80
TABLE VII


























































= Value before irradiation
n = Value after irradiation
the table are n Q for before irradiation and n for after
irradiation
.
The red and HER LEDs appear to have radiative current
that is diffusion controlled. The yellow and green LEDs
have radiative current that is space charge recombination
controlled
.
E. LIFETIME-DAMAGE CONSTANT PRODUCTS
As discussed in the background chapter and summarized in
Table IV, if one knows the current controlling mechanism for
an LED, a phenomenological lifetime-damage constant product,
tgK, can be determined. The previous sections concerned
determination of the current controlling mechanism by
determination of n, the slope of the V-I and V-J curves.
These current controlling mechanisms and the calculated t K
value are tabulated in Table VIII.
In using the appropriate equation from Table IV, the
value of I/1q is needed. This was obtained from the
appropriate curve in Figures 15 through 26 for I/Iq at 10
seconds. This value was chosen because it appears to be a
point where the curves start to flatten and the formerly
constant values for t
qk are changing. Thus for LED #63 the
value is I/Iq = • 48 and from Table IV for I and J diffusion
controlled
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and * = 4.3 x 10 12 e /cm 2 so that
t K = 1.5 x 10 13 cm 2 /e' (45
Since the green and yellow LEDs were totally space charge
recombination controlled/ values for J instead of I are
used. The values for J and J Q were taken at the same
voltage for a given color at a point in the middle of the
flat part of the slope.
Note that the value of t qK is inversely related to the
hardness of the device. Thus the higher the number the more
susceptible is the device to radiation damage from 30-MeV
electrons. The high efficiency red LEDs appear to be the
hardest with the red and yellow LEDs slightly more
susceptible. The green LEDs are significantly softer than
the other three types of LEDs.
F. DISCUSSION
The lifetime-damage constant products shown in Table
VIII for 30-MeV electron irradiation of the LEDs are
appropriate for constant current operation of these
devices. Stanley [Ref. 4] tested epitaxial (not specified
if liquid or vapor) GaAs LEDs and found tqK values in the
-13 2
range of 1-2 x 10 cm /electron for irradiation by high
energy electrons. His values for diffused LEDs were
(.12-. 15) x 10~ 13 cm2/electron for GaAs and .04 x 10~
cm /electron for GaP.
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Rose and Barnes [Ref. 8] showed that proton irradiation
of LEDs resulted in an increase in total LED current at a
given voltage. This nonradiative excess current was a space
charge recombination current which degraded the LED output
for constant current operation. For higher-current-densi ty
small- junction-area LEDs the total current (radiative and
nonradiative) was closer to a diffusion current where n = 1/
and the proton induced excess current was less significant
over a large voltage range. They compared their results to
earlier work they had done using neutrons and found similar
effects. The results of my experiment for 30-MeV electron
irradiation showed a similar increase in total current for
irradiation. Three of the four types tested had an excess
nonradiative current that was space charge recombination
dominated similar to the Rose and Barnes results. One group
of LEDs showed behavior similar to the higher-current-
density small- junction-area devices tested by Rose and
Barnes. It is not certain which characteristic determined
this behavior although a smaller junction area is assumed.
All the LEDs tested here proved to have similar
sensitivity to radiation with values close to earlier tests
on epitaxially fabricated LEDs. The green LEDs, the only
color LEDs fabricated by LPE are more sensitive than the
other colors which are products of VPE
.
Rose and Barnes [Ref. 8] suggest that bias induced
annealing in LEDs indicates that damage consists primarily
of point defects rather than damage clusters which are
characteristic of neutron induced damage. They and Millea
and Aukerman [Ref. 6] observed the absence of bias induced
recovery in neutron irradiated LEDs. This is in agreement
with the fact that the average energy transferred by an
energetic electron undergoing collision is much less than
that produced by an energetic neutron undergoing collision.
Usually an electron will produce in effect one product
electron in one collision and then pass on. A neutron must
collide with the nucleus/ a much smaller target/ in
essentially an elastic collision. This displaces the
nucleus which ionizes nearby lattice atoms causing a cluster
of local defects.
Ionizing proton damage usually produces point defects.
Of interest/ Hardwick and Kalma [Ref. 16] tested a variety
of LEDs using 30-MeV protons and found the device to degrade
11 250% after 2 x 10 protons/cm . This converts to a t qK of
-13 20.29 x 10 cm /proton which is approximately an order of
magnitude smaller than the values obtained in this
experiment.
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V. CONCLUSIONS AND FUTURE WORK
This investigation of electron damage in LEDs has shown
that the effects of 30-MeV electron irradiation are similar
to those of earlier work for electrons and for other
radiation mechanisms.
The LPE fabricated LED showed a higher vulnerability to
damage than the VPE LEDs. The red and HER LEDs were
slightly more resistant to damage than the yellow. In the
case of the red LEDs/ this appears to be due to a higher
current density due to a smaller junction size. In the case
of an HER LED it could be due to the same effect/ although
its current density doesn't appear to be as high as the
red's. It could also benefit from the higher efficiency in
conversion (nonradia tive to radiative current ratio). In
other words / although its total current density is not as
high as that of the red LED, its radiative current density
is higher.
There are two electron induced degradation components in
constant current operation of LEDs. Firstly, introduction
of defect related, nonradiative recombination centers
degrades the minority carrier lifetime and light output
through increased competition for excess carriers.
Secondly, excess current due to additional recombinations at
defects in the space charge regions can cause an increase in
LED current and a reduction in efficiency. The second type
can possibly be detected by conducting the irradiation at a
constant voltage instead of constant current/ as suggested
by Rose and Barnes [Ref. 8]. There are some indications
that this effect is present since the red LEDs showed less
spread in the voltage current characteristic curves.
Indications in the other colors of LEDs were not conclusive.
It should be noted that the longer wavelength devices showed
more hardness. This effect could well extend into the
infrared region.
In future work, closer attention might be paid to
temperature variation due to absorbed energy possibly by
using a heat sink or liquid nitrogen bath. Additionally/
the dosimetry variations due to beam distribution might be
determined by aiming the beam through various size holes in
phosphorescently painted material and measuring the
intensity variation. The problem of secondary gamma and
electron production could be reduced by cutting off the
metal can surrounding the active part of the diode and
positioning a dosimeter next to the active region. This
would give a more precise measurement of the effects of
electrons on the semiconductor material itself. On the
other hand, with the experiment performed as here, the
effect on the total device is found, also a useful piece of
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information. Fine tuning dosimetry is a difficult task and
one fraught with many interpretive harzards. The
interesting glow produced in the green and yellow LEDs might
be further investigated to determine its source and why the
effect is not apparently present in the red and HER LEDs.
These LEDs are designed for use in systems that are
going to be used by personnel. The dosages inflicted on the
devices were sufficient to cause injury or death to humans
if sustained as a whole-body dose. Thus the LEDs are
adequately hardened for tactical levels. These devices
would not likely be hardened sufficiently for expected
levels of radiation in an outer space or strategic
environment but it is expected that they would find little
application in an unmanned system.
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APPENDIX A
LED VOLTAGE VERSUS CURRENT VERSUS LIGHT INTENSITY
(USING THE FIBEROPTICS 550 METER)
GREEN LEDs
1. #42
Before Irradiation After Irradiation
(a) 4.0 V at power supply














(b) 6.0 V at power supply
1.9 3.02 .35 5.89 .02
1.8 .62 .04 2.21 .006
1.7 — -- .43 .002
2. #115
(a) 4.0 V at power supply
1.9 2.89 .28 5.29 .02
1.8 .59 .04 1.91 .005
1.7 .06 .02 .30 .002
(b) 6.0 V at power supply
1.9 1.60 .13 5.28 .02
1.8 .45 .02 1.81 .006




Before Irradiation After Irradiation
(a) 4.0 V at power supply
V
f (V) J (ma) (MW) J (ma) I ( HW
)
1.9 6.75 .65 3.64 .008
1.8 1.54 .08 1.84 .004
1.7 .61 .02 .65 .003
(b) 6.0 V at power supply
1.9 6.85 .68 3.64 .007
1.8 1.60 .09 1.91 .004
1.7 .21 .65 .003
2. #5
(a) 4.0 V at power supply
1.9 6.03 .52 3.62 .008
1.8 1.50 .07 1.82 .004
1.7 — — .69 .002
(b) 6.0 V at power supply
1.9 6.06 .52 3.56 .008
1.8 1.61 .08 1.89 .004





(a) 4.0 V at power supply
v






















(a) 4.0 V at power supply
1.6 3.53 .88 7.8
1.5 .26 .03 .37



















Before Irradiation After Irradiation
(a) 4.0 V at power supply
V fr (V) J (ma) (MW) J (ma) I ( HW
)
1.7 1.6 .49 2.52 .09
1.6 .24 .02 .50 .01
1.5 — — .04 .002
(b) 6.0 V at power su PP iy
1.7 .93 .20 2.48 .09
1.6 .22 .02 .49 .01
1.5 .07 .04 .002
2. #92
(a) 4.0 V at power supply
1.7 1.53 .53 2.00 .26
1.6 .23 .02 .31 .02
1.5 -- — .03 .003
(b) 6.0 V at power supply
1.7 1.43 .46 1.96 .26
1.6 .24 .02 .32 .02
1.5 — — .03 .003
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